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Human immunodeficiency viruses (HIVs) are retroviruses that replicate effectively in human CD4+ cells and cause the development of acquired immune deficiency syndrome (AIDS). On the other hand, type 1 long interspersed elements (LINE-1s or L1s) are the only active retroelements that can replicate autonomously in human cells. They, along with other active yet nonautonomous retroelements, have been associated with autoimmune diseases. There are many similarities between HIV and LINE-1. Being derived (or evolved) from ancient retroviruses, both HIV and LINE-1 replicate through a process termed reverse transcription, activate endogenous DNA and RNA sensors, trigger innate immune activation to promote interferon (IFN) expression, and are suppressed by protein products of interferon-stimulated genes (ISGs). However, these similarities make it difficult to decipher or even speculate the relationship between HIV and LINE-1, especially regarding the involvement of the IFN signaling system. In this review, we summarize previous findings on the relationships between HIV and innate immune activation as well as between LINE-1 and IFN upregulation. We also attempt to elucidate the interplay among HIV, LINE-1, and the IFN signaling system in hopes of guiding future research directions for viral suppression and immune regulation.
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Introduction

Being a part of the innate immune system, the interferon (IFN) signaling system is a critical defense for a host (such as humans) to prevent viral infection and replication (1). The IFN signaling system can be roughly divided into three parts. The first part contains many receptors and several pathways activated by them (2). These receptors recognize ligands with specific patterns and hence are termed pattern recognition receptors (PRRs). Certain components (such as DNA/RNA or proteins) from viruses can interact with PRRs and initiate the activation of the host’s antiviral defense. The second part comprises enigmatic proteins called interferons (IFNs). Upon the activation of upstream pathways initiated by PRRs, the levels of IFNs are increased (3). These IFNs, however, have not been found to have viral suppression activity by themselves. Instead, they promote the expression of interferon-stimulated genes (ISGs) (1), which constitute the third and final part of the IFN signaling system. Many protein products of ISGs are effective against viruses (4–6); these antiviral proteins restrict viral ability to infect and/or replicate and thus are sometimes called “restriction factors”.

Ideally, in the name of benefiting the host, the IFN signaling system should sense the presence of viruses, suppress viral infection/replication, and keep the host healthy. However, humans can sometimes develop diseases triggered by an overactivated IFN signaling system without the detection of foreign viruses or other pathogens (7). The development of these autoimmune diseases indicates the existence of endogenous triggers of the system (i.e., endogenous ligands of PRRs), and increasing evidence has suggested that some of these triggers are retroelements (8, 9). Intriguingly, in human cells, the only active type of retroelements that can replicate autonomously are type 1 long interspersed elements (LINE-1s or L1s), which also support the retrotransposition of other active yet nonautonomous retroelements, such as Alu and SVA (10). Accordingly, revealing how LINE-1 triggers innate immune activation has attracted increasing attention because it might uncover the mechanism of autoimmunity and possibly lead to the control or even cure of autoimmune diseases.

On the other hand, while endogenous retroelements are considered artifacts of ancient retroviruses (11), modern retroviruses such as human immunodeficiency viruses (HIVs) transmit among humans and cause the development of acquired immune deficiency syndrome (AIDS) (12, 13). As a species of the Retroviridae family, HIV has an RNA genome, which consists of ~9.4k nucleotides on average. Flanked with both 5’ and 3’ long terminal repeats (LTR), nine genes have been determined in between (Figure 1). The encoded viral proteins can be divided into three categories. Gag, Pol, and Env as structural proteins are essential for the assembly of new HIV virions (14). Tat and Rev as regulatory proteins regulate the transcription and processing of HIV RNA and are indispensable for effective HIV replication (15–19). Vif, Vpr, Vpu (Vpx in HIV-2), and Nef were once considered as “accessory proteins” because they are not strictly required for HIV infection in certain cell lines (20–22). But now it has been widely accepted that these proteins are essential for both viral infectivity and pathogenesis in vivo, mostly because their ability to counteract host innate immune defense (23–33).




Figure 1 | Primary structure of HIV genome and LINE-1 element. Nine genes have been determined in the HIV genomic RNA (with overlapped genes placed next to the main sequence of HIV genome), among which three encode structural proteins Gag, Pol, and Env, two encode regulatory proteins Tat and Rev, and four encode accessory proteins Vif, Vpr, Vpu, and Nef. Notably, tat and rev are the only two viral genes that have two exons. These nine genes are flanked with 5’- and 3’-LTR, both of which are essential for HIV replication, with the 5’-LTR contains a promoter sequence. On the other hand, a LINE-1 element has a 5’-UTR that functions as a promoter and ribosome binding site in its DNA and RNA form, respectively, and a 3’-UTR that enhances the efficiency of LINE-1 retrotransposition. In between, there are two open reading frames named orf1 and orf2, while the encoded ORF1p and ORF2p interact with LINE-1 RNA and provide endonuclease and reverse transcriptase activities that are critical for LINE-1 retrotransposition. LTR, long terminal repeats; UTR, un-translated region.



Similar to that of LINE-1, the replication of HIV also includes reverse transcription, meaning that HIV infection introduces viral RNA and DNA into human cells. These exogenous RNA and DNA are perfect targets for endogenous sensors to recognize, and the resulted innate immune activation leads to the elevation of IFNs and subsequently the expression of ISGs. Many products of ISGs, such as the APOBEC3 protein family (34), TRIM5α (35), and MX2 (36–38), have been reported to suppress or even terminate HIV replication. However, to optimally replicate, HIV with its encoded proteins has also evolved multiple counteraction mechanisms to compromise these ISGs, such as inducing their degradation (27, 29, 30, 39), altering their subcellular localization (40), or even compromising upstream pathways to prevent innate immune activation (41). Apparently, LINE-1 functions as an endogenous trigger of the IFN signaling system, producing a dilemma for HIV: because LINE-1 originates from ancient retroviruses and thus shares similarities with HIV, the presence of HIV or its component(s) might enhance LINE-1 activity, which could lead to innate immune activation that is inhibitory for HIV replication; alternatively, HIV must have evolved and possess alternative mechanism(s) so that the same viral protein can simultaneously function as an HIV promoter and LINE-1 suppressor. Therefore, summarizing previous findings is of importance for future studies revealing the relationship among HIV, LINE-1, and the IFN signaling system.



HIV and the IFN Signaling System


The IFN Signaling System Senses HIV Components

The RNA nature of HIV genome suggests that it could be recognized by human proteins that sense the presence of exogenous RNA from either viral genomes or transcripts. MDA5 and RIG-I are the two most important RNA sensors in human cells, with MDA5 preferably recognizing double-stranded RNA (dsRNA) and RIG-I sensing uncapped long single-stranded RNA (ssRNA) (42). In the case of HIV, this interplay is somewhat intricate. Viral ssRNA is >9 kb on average but capped and polyadenylated at the 5’ and 3’ ends, respectively, the same as host mRNAs. On the other hand, it also contains multiple secondary structures in the 5’- and 3’-untranslated regions, which may be recognized as patterns by RNA sensors. As a result, RIG-I but not MDA5 senses the HIV genome (43) (Figure 2A, green pathway). Indeed, the presence of HIV RNA not only increases the expression of IFNβ but also elevates the protein levels of many ISGs, such as ISG15, ISG56, APOBEC3G, and CXCL10. However, the details regarding HIV RNA activation of RIG-I remain mostly unknown. Among these tested ISGs, APOBEC3G is widely known for suppressing HIV infectivity by introducing “G-to-A” mutations in the viral genome through its deaminase activity (34), while ISG15 deficiency was recently found to promote HIV infection (44); there are additional anti-HIV factors whose levels might also be elevated. Consequently, RIG-I-mediated IFN production in the presence of the HIV RNA genome effectively reduces HIV replication (43) (Figure 2A, red pathway).




Figure 2 | The relationship between HIV and the IFN signaling system. Post infection, HIV RNA and its reverse-transcribed cDNA can be recognized by the endogenous RNA sensor RIG-I and DNA sensor cGAS, respectively, which then trigger innate immune activation and induce the expression of ISGs [panel (A), green pathways]. Many ISG proteins are restriction factors that suppress HIV infection [panel (A), red pathway]. As a counteraction, HIV evades the sensing by the DNA sensor cGAS [panel (B), red cross], suppresses the activation of the upstream sensing pathway(s) [panel (B), blue pathway], and compromises the stability/functionality of ISG proteins [panel (B), yellow pathway] to ensure viral replication.



Similar to other retroviruses, HIV also includes reverse transcription in its replication process, leading to the generation of viral complementary DNA (cDNA), which in turn triggers innate immune activation. Interestingly, the latter step was not uncovered by a direct study on the relationship between free (rather than integrated) HIV DNA and the IFN signaling system but rather through a search for an antiviral factor (45). Three-prime repair exonuclease 1 (TREX1) is an endogenous nuclease digesting linearized ssDNA and dsDNA (46). Since reverse-transcribed HIV cDNA is ssDNA, it was easy to speculate that TREX1 might suppress HIV by decreasing the levels of HIV reverse transcripts. The test results, however, indicated that although TREX1 indeed reduces HIV cDNA levels, it increases HIV replication. Soon, it was determined that by digesting HIV cDNA, TREX1 helps HIV prevent the activation of the IFN signaling system, and the combined outcome is promotion of HIV infection (45). Nevertheless, three years later, researchers finally uncovered the endogenous DNA sensor cyclic GMP-AMP synthase (cGAS), which is essential for HIV cDNA recognition (47). Upon binding HIV cDNA, cGAS synthesizes cyclic GMP-AMP (cGAMP), which functions as a secondary messenger to activate the STING and subsequent IRF3 and NF-κB pathways and ultimately triggers the expression of IFNs, among many other proteins (48, 49) (Figure 2A, green pathway). Therefore, during its replication process, HIV activates the IFN signaling system through both RNA- and DNA-sensing pathways, which correlates with the sensing role of the RNA sensor RIG-I or the DNA sensor cGAS.



HIV Can Compromise, Suppress and Evade the IFN Signaling System

The examples above have shown that the activation of the IFN signaling system, through RNA- and/or DNA-sensing pathways, compromises HIV replication. Based on current knowledge, to achieve optimal replication, HIV utilizes three general methods to counteract host innate immune activation. The first is to reduce the levels and/or functions of ISG proteins (Figure 2B, yellow pathway). The degradation of the restriction factor APOBEC3G by the HIV Vif protein is the most famous and well-studied case. Soon after the discovery of HIV as the causative reagent of AIDS, researchers found a viral protein that is essential for viral replication in certain types of cell lines; accordingly, this viral protein was named viral infectivity factor (Vif) (22). However, the mechanism was not revealed until 2003 (25–27). When expressed in host cells, Vif interacts with host proteins such as Cullin5, Elongin B, and Elongin C, which are key components of a ubiquitin ligase complex (or E3 complex) (27). There are many kinds of E3 complexes in human cells, and each mediates ubiquitination of specific host proteins that are then degraded through proteasome-mediated proteolysis. By hijacking the Cullin5-based E3 complex and binding to APOBEC3G, Vif forces the ubiquitination and subsequent degradation of APOBEC3G (25, 26). As mentioned above, APOBEC3G can introduce mutations into the HIV genome, resulting in suppressed viral infectivity (50). By reducing APOBEC3G levels, Vif protects the HIV genome, maintains viral infectivity, and thus enhances HIV replication (Figure 3B).




Figure 3 | Examples of host restriction factors suppressing HIV replication and associated viral counteraction. (A) As a part of HIV replication process, synthesized HIV RNA and proteins trigger the budding of a new HIV particle, which ultimately releases a virion with a central core structure containing two HIV genomic RNA and being covered with a cell-derived membrane. The virion then recognizes another target cell, and the core structure enters through membrane fusion between the host cell and the virus. This is followed by the reverse transcription of HIV RNA, and the synthesized viral DNA is then injected into the nucleus, ready to be integrated in the host genome. (B) Members of APOBEC3 proteins (A3) can be packaged into HIV virions. During the next-round infection, APOBEC3 proteins can introduce “G-to-A” mutations to HIV DNA through its deaminase activity, which ultimately leads to the loss of infectivity of newly produced virions. As a counteraction manner, HIV Vif protein induces the depletion of APOBEC3 proteins by hijacking host proteasome-mediated proteolysis. (C) Similarly, SERINC proteins can also be packaged into HIV virions. When encountering new target cells, HIV virions containing SERINC proteins can no longer trigger the membrane fusion between the host cell and the virus, through which the entry of the viral core structure is sabotaged. The Nef protein expressed from HIV genome can interact with SERINC proteins and prevent the latter from being packaged into HIV virions. (D) BST2 is a restriction factor that is normally localized on membrane structures of a host cell, including the cytoplasmic membrane where the budding of HIV virions happens. The protein can insert its one end into the viral membrane during the budding process of HIV, and keeps the other end stay on the cytoplasmic membrane. Consequently, BST2 forms a physical link between the assembled HIV virion and the host cell, which prevents the viral particle from being released. Such an antiviral mechanism could be counteracted by HIV Vpu, which removes BST2 from the cell surface. (E) SAMHD1 is the only known dNTPase in human cells. It potently reduces HIV infectivity in non-dividing cells such as macrophages and dendritic cells, by compromising viral reverse transcription process and lowering the synthesis of HIV DNA. Vpx that is specifically expressed by HIV-2 removes SAMHD1 through host proteasome-mediated proteolysis.



In addition to Vif-induced APOBEC3G degradation, there are other examples of a viral protein counteracting the stability and/or function of ISG proteins (Figure 3). For instance, members of the SERINC family such as SERINC 3 and SERINC 5 can also be packaged into HIV virions and prevent membrane fusion between the virus and the targeted cell (51, 52). Nef expressed from some HIV strains can reduce endogenous levels of these SERINC proteins, which promotes the infectivity of newly produced HIV particles (31, 32) (Figure 3C). BST2 as another ISG protein physically tethers newly produced HIV virions and prevents them from being released, and thus is also named “tetherin” (53). HIV Vpu removes host BST2 protein from the surface of infected cells, which is essential for HIV virion to release and initiate the next-round infection (54, 55) (Figure 3D). In addition, SAMHD1 is a potent HIV suppressor in non-dividing cells such as macrophages and dendritic cells (29, 30). It inhibits HIV reverse transcription, where its dNTPase activity is believed essential (56, 57). As a counteraction manner, Vpx from HIV-2 induces the depletion of the host SAMHD1 protein through proteasome-mediated proteolysis, which is critical for HIV-2 to infect and replicate in macrophages (29, 30) (Figure 3E). Intriguingly, in addition to sensing HIV RNA, RIG-I is also an ISG protein and can potently suppress HIV replication by itself, which can be counteracted by the presence of viral protease (43).

The second manner by which HIV sabotages the IFN signaling system is by actively compromising the efficiency of upstream sensing pathways (Figure 2B, blue pathway), which is relatively less studied. Recently, Su et al. (41) noticed that although the Vpx from HIV-2 or simian immunodeficiency virus (SIV) could induce the depletion of endogenous SAMHD1, which causes the accumulation of DNA fragments in the cytoplasm, infection of wild-type viruses did not trigger elevated levels of innate immune activation compared to those triggered by viruses lacking the vpx gene. Inspired by this phenomenon, they discovered that the viral Vpx protein interacts with STING, an essential component of the endogenous DNA-sensing pathway, and suppresses the latter’s ability to trigger downstream innate immune activation. Interestingly, this pathway is different from Vpx inducing SAMHD1 depletion through proteasome-mediated proteolysis; instead, the interaction between Vpx and STING is both necessary and sufficient for the inhibition of STING function. Thus, through STING regulation, Vpx protects viruses from suffering the antiviral consequence of removing SAMHD1 and maintains the efficiency of viral replication.

The above research on HIV and TREX1 provides a perfect example on the third approach that HIV can evade the IFN singling system (Figure 2B, red cross). TREX1 as a DNA exonuclease reduces levels of HIV reverse transcripts, which should subsequently affect viral integration; in this point of view, TREX1 should be considered as a restriction factor to suppress HIV infection. However, HIV does not try to compromise the function/stability of TREX1 as it does to many other restriction factors as mentioned above. Instead, it passively endures the exonuclease activity of TREX1, through which the virus prevents the activation of DNA-sensing pathways and enhances viral replication (45).

It is difficult to determine which manner is better for HIV to sabotage the IFN signaling system, as each has its advantages and disadvantages. For example, targeting restriction factors can compromise host antiviral defense in a shorter period because it directly removes these restriction factors and/or suppresses their antiviral functions, leading to innate immune suppression without involving upstream sensing pathways. Additionally, it can occur as soon as the virus enters the cell, which, for instance, is the time when packed Vpx starts to remove SAMHD1 in target cells (58). However, it also requires the virus to recognize these many restriction factors with limited numbers of viral proteins, and sometimes one viral protein needs to target multiple factors, such as the fact that one Vif protein induces the degradation of several APOBEC3 proteins and PPP2R5 (59, 60). This requirement can lock the sequence of viral proteins and limit their capability of further evolution. On the other hand, by compromising endogenous sensing pathways, one viral protein can cause a decrease in the levels of hundreds or even thousands of ISG proteins, thus supporting viral replication in a wider spectrum. However, this is a slower process because the final result of compromising sensing pathways is the reduction in newly synthesized ISG transcripts, while ISG proteins that have been expressed before infection still need time to decay. During the same period, HIV infection might have already been terminated due to suppressed reverse transcription, harmful genome mutagenesis, etc. Similar advantages and disadvantages also apply for HIV to evade the IFN singling system, with additional drawbacks like the reduction of viral component(s) as observed with TREX1 (45). Therefore, since neither targeting restriction factors nor compromising/evading sensing pathways can fulfill the needs of HIV to maintain its infectivity, it is reasonable that HIV utilizes all three to promote viral infection/replication at any given time and reduce the levels of restriction factors as much as possible. However, a question remains: if there were endogenous triggers whose presence and/or activity could activate the IFN signaling system, would HIV have evolved another manner to regulate IFN expression by suppressing this trigger?




LINE-1 and the IFN Signaling System


The Study of Aicardi-Goutières Syndrome Links LINE-1 to Autoimmunity

To answer the above question, we first need to know the nature of endogenous triggers of innate immune activation, the knowledge of which mostly has come from the study of autoimmune diseases. In the early 1980s, a rare autoimmune disease was characterized, with the most significant phenomenon being an increase in IFNα levels in cerebral-spinal fluid (61). The full characterization of this disease was first described by Aicardi and Goutières, and thus, the disease was later named Aicardi-Goutières syndrome (AGS). AGS was soon found to be an autosomal recessive disorder, and several genes that are associated with AGS have been identified since [refer to (62) for additional details]. The first AGS-associated gene identified is TREX1 (63), and the gene product TREX1 has long been known for its activity as an exonuclease that digests linearized DNA (46). Therefore, it seemed reasonable to suspect that TREX1 prevents innate immune activation through its exonuclease activity. Consistently, two subsequently published studies confirmed that eliminating TREX1 expression in mice could induce phenomena that mimicked autoimmunity (64, 65). Specifically, one of these two studies revealed that in the heart tissue of TREX1 knockout mice, an increase in linearized DNA levels could be detected (65). Intriguingly, such an increase was not apparent for all kinds of DNA; instead, the elevation was strictly observed for DNA fragments derived from retroelements, including LINE-1 itself and LINE-1-supported retroelements, such as Alu and SVA. This finding is the first clear evidence that retroelements might be a potential trigger of innate immune activation.

The hypothesis that LINE-1 induces IFN production was further supported by subsequent studies. Beginning with TREX1, additional AGS-associated genes were unveiled (66–69). All AGS-associated proteins are linked to LINE-1 activity. TREX1, SAMHD1, and ADAR1 have been reported with clear evidence indicating their potency against LINE-1 retrotransposition (65, 70, 71), while despite controversy regarding its role in support either or suppression, RNase H2 has also been linked to LINE-1 activity (72, 73). Most importantly, similar to the case with TREX1 (65), AGS-associated mutations (both point mutations and truncations) have also been shown to significantly compromise SAMHD1’s potency in LINE-1 suppression (70). Therefore, it appears that LINE-1 is indeed associated with innate immune activation.



LINE-1 Triggers Innate Immune Activation Through Both DNA- and RNA-Sensing Pathways

Although several phenomena above link LINE-1 to IFN production, direct evidence is still missing. Clearly, revealing how LINE-1 promotes IFN expression would solve this problem. To do that, we need to first understand the biology of LINE-1. LINE-1 was first found in partial in a DNA library generated from the spleen tissue of a female patient homozygous for β+ thalassemia (74), while the full-length version was later determined based on a monkey genomic library (75). A typical LINE-1 fragment is 6 kb in length, containing two open reading frames termed orf1 and orf2 (11) (Figure 1). The encoded ORF1p interacts with LINE-1 RNA and initiates the formation of LINE-1 ribonucleoprotein particles (RNPs), which are the fundamental units for LINE-1 retrotransposition (76). ORF2p also interacts with LINE-1 RNA and is another essential component of LINE-1 RNP (77) because it provides endonuclease and reverse transcriptase activities that are critical for LINE-1 replication (78, 79). During LINE-1 replication, endonuclease activity introduces nicking at the insertion site, and the reverse transcriptase drives LINE-1 cDNA synthesis (11) (Figure 4). Recent studies also revealed that there is an antisense coding frame, orf0, on the double-stranded LINE-1 DNA fragment, and the coded ORF0p also elevates LINE-1 replication efficiency in a yet-unknown mechanism (80).




Figure 4 | Steps of LINE-1 retrotransposition. The replication of LINE-1 starts with the transcription of LINE-1 RNA and is followed by the synthesis of the LINE-1 proteins ORF1p and ORF2p. ORF1p, ORF2p, and LINE-1 RNA then form LINE-1 RNPs with the help of other cellular proteins. LINE-1 RNPs then bind to genomic DNA and induce nicks with the endonuclease activity of ORF2p. This results in the unwinding of the DNA and leaves a protruding single-stranded fragment as the primer, and LINE-1 cDNA is synthesized with the reverse transcriptase activity of ORF2p. Finally, through a series of unknown mechanism(s), the double-stranded form of LINE-1 DNA is synthesized and integrated into the genome.



As mentioned above, the early study showing that TREX1 reduces endogenous levels of LINE-1 DNA provided the first clue that LINE-1 might trigger IFN production through the DNA-sensing pathway(s). However, no further information could be retrieved because the associated DNA sensor was not found until five years later. In 2013, it was finally discovered that cGAS is an important DNA sensor in human cells (48). Soon, it was determined that the presence of cGAS is critical for the innate immune activation observed in TREX1 knockout cells or even mice (81, 82). In addition, during replication, LINE-1 introduces nicking and causes damage or even breaks to the host genome (83, 84), while damaged genomic DNA is also a target for cGAS recognition (85). Taken together, these results suggest that LINE-1 can promote IFN production through the cGAS-mediated DNA-sensing pathway (Figure 5, green pathway). Consistently, increasing evidence confirms the association between elevated LINE-1 DNA levels and promoted IFN expression in studies based on different models or autoimmune diseases (86–88).




Figure 5 | The relationship between LINE-1 and the IFN signaling system. During replication, LINE-1 triggers the activation of the DNA sensor cGAS and RNA sensors RIG-I and MDA5, promotes IFN levels, and enhances the expression of ISGs (green pathways). On the other hand, many ISG proteins are potent LINE-1 regulators that suppress LINE-1 retrotransposition (red pathway).



It is thus easy to speculate that if DNA sensing is the only mechanism, compromising LINE-1 reverse transcription or destabilizing LINE-1 DNA would be sufficient to suppress LINE-1-induced innate immune activation. However, to date, there is still no direct evidence confirming that LINE-1 DNA interacts with cGAS and triggers innate immune activation. Even indirect tests sometimes give controversial results, and the use of nucleoside reverse transcriptase inhibitors (NRTIs) is a perfect example. Activated NRTIs are a type of small molecule with structures similar to those of dNTPs. Consequently, they block reverse transcription through a competitive mechanism and thus are used as therapeutics for HIV infection (89–91). Through a similar mechanism, they also suppress LINE-1-mediated retrotransposition, which is supported by the reverse transcriptase activity of ORF2p (92). Theoretically, NRTI treatment should inhibit the generation of LINE-1 cDNA and lead to suppressive effects against innate immune activation. However, different results have been observed in different studies conducted by different groups. Truvada [a mixture of two NRTIs termed emtricitabine (FTC) and tenofovir disoproxil fumarate (TDF)] was shown to be effective in suppressing the murine IFN signaling system if used in combination with Viramune [containing nevirapine (NVP) as a nonnucleoside reverse transcriptase inhibitor or NNRTI] (93). A more recent study demonstrated that NRTIs possess intrinsic anti-inflammatory activity, with the use of stavudine (d4T, another NRTI) leading to reduced levels of IFNγ in murine serum (94). As LINE-1 (or the ORF2p protein) is the only known source for endogenous reverse transcription activity, these data seem to correlate with the hypothesis that LINE-1 triggers innate immune activation through DNA-sensing pathway(s). However, when TREX1-mediated LINE-1 suppression was first linked to the development of autoimmune diseases, azidothymidine (AZT, an NRTI that is widely used in HIV treatment) was tested and found to not ameliorate the inflammatory symptoms detected in TREX1 knockout mice (65). This finding means that sometimes suppressing reverse transcription alone might not be sufficient for proper shutdown of LINE-1-induced innate immune activation; in other words, DNA sensing might not be the only pathway by which LINE-1 activates the IFN signaling system.

A similar doubt was also raised by unveiled mechanisms of LINE-1 suppression by AGS-associated proteins. Indeed, although TREX1 possesses exonuclease activity that can easily target single-stranded LINE-1 cDNA, it preferentially induces ORF1p degradation through proteasome-mediated hydrolysis (95). Similarly, SAMHD1, as the only dNTPase (which degrades dNTP) in human cells, suppresses LINE-1 by reducing the protein levels of ORF2p (70), while ADAR1 simply binds to LINE-1 RNA and inhibits LINE-1 retrotransposition without using its RNA mutagenesis activity (71). Notably, all these mechanisms, along with those of many other endogenous LINE-1 suppressors, target the formation/function of LINE-1 RNP (Table 1), suggesting the possibility that LINE-1 RNP might also trigger innate immune activation through another pathway.


Table 1 | Targets of endogenous LINE-1 suppressors in human cells.



Consistent with the above assumption, it was later determined that LINE-1 could increase IFN production in HEK293T and HeLa cells, both of which are defective in the cGAS-mediated DNA-sensing pathway (103). Even in THP-1 cells where the cGAS-STING pathway is active, manipulating the levels of endogenous LINE-1 RNA was found to alter the levels of innate immune activation in a time frame when the levels of endogenous LINE-1 DNA remained unchanged (104). All these phenomena confirmed the existence of at least one cGAS-independent mechanism through which LINE-1 promotes IFN level elevation. Notably, RNA-sensing pathways are effective in HEK293T cells, and knocking down the expression of RNA sensors such as MDA5 or RIG-I indeed compromises LINE-1’s ability to activate the IFN signaling system (Figure 5, green pathway). Subsequent research indicated that both MDA5 and RIG-I can recognize and interact with LINE-1 RNA, providing the first direct evidence that LINE-1 can activate sensors of endogenous DNA/RNA-sensing pathways. Interestingly, although RNA sensors “sense” RNA, both LINE-1 proteins (i.e., ORF1p and ORF2p) are also essential for MDA5/RIG-I activation. In fact, it appears that the LINE-1 RNP is the fundamental unit for LINE-1-induced activation of RNA-sensing pathways (104). In summary, LINE-1 has finally been confirmed as an endogenous trigger of innate immune activation.



LINE-1 Is Regulated by the IFN Signaling System

Being inside mammalian cells for millions of years, LINE-1 has generated a tremendous number of copies that are integrated into genomes from different mammals. For example, there are ~500,000 copies of LINE-1 fragments in a single diploid human cell (105). Fortunately, LINE-1 retrotransposition tends to generate inactive copies, while many other copies have been deactivated through epigenetic mechanisms, such as DNA methylation. As a result, there are currently 80-120 retrotransposition-competent LINE-1 copies in each human cell (106), which are strictly regulated by an intricate network of proteins and microRNAs (10). This arrangement makes perfect sense because the unregulated activity of LINE-1 might over-activate the IFN signaling system and trigger autoimmune disease development. Intriguingly, many members of this network are ISG protein products (Figure 5, red pathway). A negative feedback loop is therefore formed: 1) LINE-1 with its formed RNP and synthesized cDNA triggers the activation of the IFN signaling system; 2) innate immune activation leads to an increase in IFN levels and the subsequent elevation of ISG expression; and 3) elevated ISG protein levels result in a more suppressive effect against LINE-1 retrotransposition, thus lowering the latter’s potency in innate immune activation (Figure 5). It is thus easy to hypothesize that LINE-1 suppressors might also function as innate immune regulators, which has indeed been proven with not only AGS-associated proteins such as ADAR1 but also other known LINE-1 regulators such as the APOBEC3C and MOV10 proteins (104). On the other hand, this evidence also confirms the possibility that endogenous LINE-1 can be a target for innate immune suppression, leading to new ideas and designs for treatments against autoimmune diseases.

More interestingly, some of these LINE-1 suppressors are also HIV inhibitors. This correspondence is reasonable because, as progenies of integrated ancient retroviruses, LINE-1 should share some similarities with modern retroviruses such as HIV. Indeed, ISG proteins such as MOV10 and ZAP repress HIV and LINE-1 through the same mechanism, by targeting their RNA (97, 98, 101, 102, 107–111). However, as research has extended to more ISG proteins, it is surprising to observe that many of them inhibit HIV and LINE-1 with alternative mechanisms [please refer to (112) for additional details]. For example, dNTPase activity is essential for SAMHD1 to suppress HIV replication (56) but dispensable in SAMHD1-mediated LINE-1 regulation (70, 113); moreover, DNA deamination plays a key role in APOBEC3-induced HIV suppression but is not involved in APOBEC3 inhibiting LINE-1, with APOBEC3A as the only exception (96). There are some possible reasons to explain such phenomena, such as the differences between the replication processes of HIV and LINE-1 and the subcellular localization of restriction factors and HIV/LINE-1 components, while the timing of suppression might be the most important. For instance, APOBEC3 proteins suppress HIV by introducing mutagenesis to the viral genome, while the suppressive effect can be observed only in next-round infection (50). As discussed above, many LINE-1 suppressors also suppress LINE-1-induced innate immune activation. During LINE-1 replication, it forms RNPs, nicks the host genome, and generates cDNA, all of which trigger endogenous sensors and promotes IFN production. With their mutagenesis activity, APOBEC3 proteins in theory can still suppress LINE-1 replication in the next round of retrotransposition but would fail to reduce LINE-1-induced genome damage and IFN production in the current round. With active copies of LINE-1 already being integrated into the human genome (which is different from the case in exogenous HIV infection), an alternative mechanism is therefore necessary. In fact, APOBEC3 proteins interact with ORF1p and/or ORF2p; consequently, compromising the formation/stability/functionality of LINE-1 RNP might be the mechanism by which APOBEC3 proteins suppress LINE-1 replication (96). Notably, such phenomena also indicate that the differences between HIV and LINE-1 are in fact significant enough for host factors to distinguish the two and that it is possible to design an intervention approach specifically targeting HIV without interfering with LINE-1 and its ability to maintain innate immune activation.




HIV and LINE-1


HIV Participates in LINE-1 Regulation With Debatable Outcomes

The differences between HIV and LINE-1 also raise an interesting question: do HIV and LINE-1 act directly on each other? For LINE-1, this might be an easy question to answer because it has a relatively simpler structure and fewer components. In fact, the only known participation of LINE-1 in HIV replication is that LINE-1 ORF1p can be packed into HIV virions (114). However, the associated mechanism or biological significance of this phenomenon remains unknown (Figure 6A, orange pathway).




Figure 6 | The relationship between HIV and LINE-1. (A) Possible impact of LINE-1 on HIV. It has been reported that LINE-1 ORF1p can be packed into HIV virions, but the biological significance is currently unknown. Therefore, it is not clear whether LINE-1 can promote or suppress HIV infectivity directly (orange pathway). However, it has been confirmed that LINE-1 can increase endogenous levels of IFN, leading to the expression of ISGs and subsequent HIV suppression (blue pathway). (B) Possible impacts of HIV upon LINE-1 retrotransposition. With a similar ancient retrovirus origin, components of HIV might directly enhance LINE-1 activity (green pathway). In addition, HIV might increase LINE-1 activity by neutralizing ISG proteins that function as both HIV restriction factors and LINE-1 suppressors (purple pathway). On the other hand, HIV infection triggers innate immune activation, and the resulting elevation in ISG protein levels might lead to reduced LINE-1 replication (yellow pathway). Additionally, considering LINE-1 as the trigger of the IFN signaling system, HIV might suppress LINE-1 retrotransposition directly to lower levels of innate immune activation (red pathway).



On the other hand, it is clear that HIV does affect LINE-1 retrotransposition, the result of which is, however, debated, and the associated mechanisms are mostly unknown. The very first direct evidence suggesting that HIV infection alters LINE-1 activity was reported in 2013. Jones et al. (115) found that HIV infection promotes LINE-1 retrotransposition in Jurkat cells, a CD4+ cell line often used for HIV study in vitro. Interestingly, by removing genes from the viral genome, they uncovered that both Vif and Vpr are essential for HIV-induced LINE-1 promotion. This result was understandable because the key function of Vif is to induce the degradation of antiviral proteins from the APOBEC3 family (116), some of which also act as LINE-1 suppressors, as mentioned above (96). Moreover, Vpr is famous for its high potency in arresting the host cell cycle at the G2/M phage (117), which subsequently promotes HIV production (118). LINE-1 may benefit from both activities as a side effect. In addition, Vpr was previously found in the blood of HIV-1 patients (119), and another study reported in 2013 indicated that extracellular recombinant Vpr (rVpr) also functions as a LINE-1 promoter in Huh-7 cells (derived from liver cancer) transgenic mice harboring human LINE-1 (120), and RAW264.7 (macrophage-like) cells (121). Sadly, however, no Vif or Vpr mutant was tested, leading to the obscurity of associated mechanisms.

While people have started to believe that the expression of HIV components benefits LINE-1 retrotransposition, different opinions have been presented regarding the Vpr protein. In 2018, Kawano et al. (114) published a study suggesting that Vpr actually suppresses LINE-1 replication. With the change to HEK293T cells that are usually used in LINE-1 retrotransposition assays, they found that transfection (instead of infection as previously done) of several HIV proviral plasmids resulted in similar effective suppression of LINE-1 activity. Moreover, expressing Vpr inside eukaryotic HEK293T cells (rather than extracellular treatment of Vpr purified from prokaryotic E. coli cells) led to potent inhibition of LINE-1 replication. Most importantly, they proposed a mechanism by which Vpr interacts with LINE-1 ORF2p and suppresses its reverse transcriptase activity. These different results, although likely due to the different designs of experiments, obscure the idea that HIV promotes LINE-1 replication.



The Relationship Between HIV and LINE-1 Is Complicated by the IFN Signaling System

Whether HIV suppresses or enhances LINE-1 activity is further complicated by the involvement of the IFN signaling system, and it seems that acting on LINE-1 itself might cause a dilemma for HIV (Figure 6). It is now clear that by inducing IFN production, the components and activities of LINE-1 contribute to host antiviral defense (Figure 6A, blue pathway). Indeed, manipulating LINE-1 RNA levels in THP-1 cells affects HIV infectivity (104). Similarly, HIV-mediated activation of the IFN signaling system might also lead to LINE-1 suppression due to elevated levels of ISG proteins (Figure 6B, yellow pathway). However, to achieve high infectivity, HIV needs to reduce the levels of ISG expression. Accordingly, it is reasonable that HIV might suppress LINE-1 activity to reduce the activation level of the IFN signaling system (Figure 6B, red pathway). On the other hand, although genetically distinct from HIV, LINE-1 is still considered a residue of ancient retroviruses (10). Therefore, it is also possible that LINE-1 might benefit from the presence of proteins of modern retroviruses, such as HIV (Figure 6B, green pathway).

In addition, as mentioned before, many restriction factors suppressing HIV also function as LINE-1 inhibitors [for additional information, please refer to (10)]. In theory, viral proteins that compromise these factors should enhance LINE-1 activity (Figure 6B, purple pathway). HIV Vif promoting LINE-1 retrotransposition through the depletion of APOBEC3 proteins is a perfect example (115). Another example is that Vpx, a viral protein specifically expressed from HIV-2 and some SIVs, increases LINE-1 replication efficiency by reducing the protein levels of the restriction factor SAMHD1 (70). Surprisingly, however, a similar scenario has not been observed with other HIV proteins. For instance, BST2 is an antiviral protein that restricts enveloped viruses on producer cells and prevents viral release (53). To counteract such an antiviral mechanism, HIV utilizes its Vpu protein to remove BST2 from the cell surface and induce its degradation (54, 55). On the other hand, BST2 is also capable of LINE-1 inhibition (101). Thus, Vpu might enhance LINE-1 replication by reducing BST2 levels. Study results, however, have indicated that although comprising BST2 could result in a rescue of LINE-1 retrotransposition, Vpu by itself in fact functions as a potent LINE-1 suppressor (101); however, the latter part does correlate with the previous observation that Vpu suppresses IFN production in infected cells (122). In other words, Vpu at proper levels might promote LINE-1 activity through BST2 reduction, but if expressed at higher levels, Vpu will suppress LINE-1 retrotransposition. The situation is further complicated by the fact that the expression of Vpu can be affected in multiple ways, such as the efficiency of viral promoters, codon usage of the vpu gene, and host regulation of gene expression, along with the fact that Vpu proteins from different HIV subtypes or strains might have different potency against LINE-1 activity due to variations in protein sequences. Considering the many proteins expressed by the virus, cases such as that for Vpu might explain why different effects have been observed for HIV regulating LINE-1, which also make it unpredictable how HIV affects LINE-1 in general. Taken together, these data suggest that an interaction between HIV and LINE-1 does exist, the details of which, however, require more extensive study.




Perspectives

Since HIV is a type of exogenous virus and LINE-1 is derived from ancient viruses, it is easy to understand that both can activate the IFN signaling system. Because both generate RNA and require reverse transcription for their replication, it is also understandable that HIV and LINE-1 trigger the activation of endogenous DNA and RNA sensors. On the other hand, given that HIV is the causative reagent of AIDS and that un-regulated LINE-1 is associated with autoimmune diseases, it also makes perfect sense that innate immune activation results in the suppression of both. However, the relationship between HIV and LINE-1 is complex, especially when the IFN signaling system is also involved. For example, considering the facts that both HIV and LINE-1 are derived from ancient viruses (though possibly from different types) and that both involve reverse transcription, it is not bizarre to speculate that one would enhance the replication of the other. In addition, to promote replication, HIV suppresses the activation of the IFN signaling system and induces the depletion of restriction factors, which should also benefit LINE-1 retrotransposition since many restriction factors also function as LINE-1 suppressors. On the other hand, LINE-1 and its activity trigger innate immune activation that would suppress HIV infection; therefore, it is reasonable for HIV to inhibit LINE-1 replication. Moreover, HIV infection by itself induces the activation of the IFN signaling system, which can also lead to LINE-1 suppression. All these possibilities might be reasons for the inconsistency among published studies on how HIV regulates LINE-1. Apparently, the details on the relationship between HIV and LINE-1 need to be investigated completely and carefully.

It is, however, surprising to find that despite the many similarities between HIV and LINE-1, it seems possible to separate one from the other. The most convincing data are that restriction factors use different mechanisms to suppress HIV and LINE-1. Additionally, viral proteins such as Vpr and Vpu that benefit HIV replication can inhibit LINE-1 retrotransposition. Furthermore, a recent study indicated that even for the reverse transcription aspect that is shared by both HIV and LINE-1, specific inhibitors can be synthesized (123). Such phenomena provide opportunities for developing novel drugs against not only HIV infection but also autoimmune diseases. Since the regulation of LINE-1 and HIV can be separated, if one can recreate the situation where LINE-1 is overactivated without the simultaneous promotion of HIV infection, then LINE-1-triggered innate immune activation should generate host antiviral defense that would suppress HIV replication. For instance, the formation of LINE-1 RNP is essential for the activation of RNA sensors like RIG-I and MDA5 (104). In other words, the motif on LINE-1 RNA that activates RNA sensing pathway is most likely hidden in the secondary structure of LINE-1 RNA and can only be exposed once the RNP is formed. Accordingly, if one can determine the sequence of this motif and introduce it into human cells, or if one can design a small molecule that can enter human cells and expose this motif even without the interaction of LINE-1 proteins, the levels of innate immune activation would be increased. Consequently, the resulted elevation of IFNs and subsequent expression of ISG proteins should almost definitely enhance the antiviral potency of the patient and form a strengthened barrier against not only HIV replication but also possibly the opportunistic infections that lead to AIDS. This might be an interesting strategy against HIV infection and AIDS development because it is not a treatment directly targeting HIV components; HIV cannot evade via mutagenesis, as it does against anti-HIV drugs, such as NRTIs and NNRTIs.

On the other hand, it has already been proven that many LINE-1 suppressors also function as innate immune regulators through LINE-1 inhibition (104). Notably, components of HIV (such as Vpu and possibly Vpr) have been confirmed to inhibit LINE-1 retrotransposition (101, 114). It is therefore possible that these viral components might also reduce the activation levels of the IFN signaling system. If true, these viral components and associated mechanism(s) for LINE-1 suppression might provide molecular bases for developing drugs to repress autoimmunity. Currently, however, it is difficult to propose novel Vpr- or Vpu-based therapies on autoimmune diseases because critical information is still missing. It has been revealed that, Vpr suppresses LINE-1 by interacting with ORF2p and reducing the latter’s reverse transcriptase activity (114); but whether Vpr represses the IFN signaling system through LINE-1 inhibition remains unknown. Similarly, Vpu suppresses LINE-1 (101) and reduces IFN production (122); however, it is not clear whether the two phenomena are related, while associated mechanisms are also not understood. Future research efforts on the interplay among HIV, LINE-1, and the IFN signaling system are therefore worthwhile, as new information is waiting to be revealed.
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